Abstract: Antibiotic residues in aquaculture wastewater are considered as an emerging environmental problem, as they are not efficiently removed in wastewater treatment plants. To address this issue, we fabricated TiO 2 nanotube arrays (TNAs), TiO 2 nanowires on nanotube arrays (TNWs/TNAs), Au nanoparticle (NP)-decorated-TNAs, and TNWs/TNAs, which were applied for assessing the photocatalytic degradation of eight antibiotics, simultaneously. The TNAs and TNWs/TNAs were synthesized by anodization using an aqueous NH 4 F/ethylene glycol solution. Au NPs were synthesized by chemical reduction method, and used to decorate on TNAs and TNWs/TNAs. All the TiO 2 nanostructures exhibited anatase phase and well-defined morphology. The photocatalytic performance of TNAs, TNWs/TNAs, Au-TNAs and Au-TNWs/TNAs was studied by monitoring the degradation of amoxicillin, ampicillin, doxycycline, oxytetracycline, lincomycin, vancomycin, sulfamethazine, and sulfamethoxazole under ultraviolet (UV)-visible (VIS), or VIS illumination by LC-MS/MS method. All the four kinds of nanomaterials degraded the antibiotics effectively and rapidly, in which most antibiotics were removed completely after 20 min treatment. The Au-TNWs/TNAs exhibited the highest photocatalytic activity in degradation of the eight antibiotics. For example, reaction rate constants of Au-TNWs/TNAs for degradation of lincomycin reached 0.26 min −1 and 0.096 min −1 under UV-VIS and VIS irradiation, respectively; and they were even higher for the other antibiotics. The excellent photocatalytic activity of Au-TNWs/TNAs was attributed to the synergistic effects of: (1) The larger surface area of TNWs/TNAs as compared to TNAs, and (2) surface plasmonic effect in Au NPs to enhance the visible light harvesting.
Introduction
Titanium dioxide (TiO 2 ) is one of the most widely studied materials for applications in solar cells [1] [2] [3] , pollutant degradation [4] [5] [6] , photolysis of water [7] , gas sensing [8] , and bio-applications [9, 10] , due to its excellent photocatalytic reactivity, high chemical stability, non-toxicity, biocompatibility, and low cost [11] [12] [13] . However, the large band gap of TiO 2 (3.2 eV) limits it light absorption to only 5% of the solar spectrum [14] [15] [16] . Considerable effort has been made to improve the light absorption of TiO 2 by doping with non-metals (N, F, S) [17] [18] [19] or chemical modification to narrow the band gap [20] . In addition, visible-light absorption can also be 1 h to induce sample crystallization. Au nanoparticles were prepared by chemical reduction method in which water (100 mL) containing HAuCl 4 . 4H 2 O (0.2 mM) and citric acid (0.5 mM) was stirred at 120 • C. The Au-TNAs and Au-TNWs/TNAs were prepared by immersing the samples in the Au solution for 6 h at room temperature. The samples were then annealed at 400 • C for 1h to improve the crystallinity and Au-TiO 2 interfaces.
The crystal structures of the nanomaterials were characterized by X-ray diffraction (XRD, Bruker D2, Bruker, Billerica, MA, USA) using Cu Kα radiation (λ = 1.5406 Å). Morphologies of the samples were characterized by scanning electron microscopy (SEM, JEOL JSM-6500, Pleasanton, CA, USA). An antibiotic solution was designed and prepared to reflect the practical aquaculture wastewater samples, collected at Dam Doi district of Ca Mau province, which is one of the large aquaculture areas of Mekong Delta, Vietnam. The aquaculture wastewater had a biochemical oxygen demand (BOD) of 10.7 mg/L, chemical oxygen demand (COD) of 19.6 mg/L, and low concentration of organic matter. The spiked mixture solution of standard eight antibiotics with an initial concentration of 500 ng/mL was dissolved in blank wastewater samples containing 0.1% (v/v) formic acid. Photocatalytic reactions were carried out by immersing a sample into a 30 ml antibiotic solution under UV-VIS at approximately 120 mW·cm −2 or VIS illumination at approximately 95mW·cm −2 using a 100 W Xenon lamp. Prior to illumination, the catalyst was immersed into the solution and magnetic stirring followed for 20 min in the dark, to ensure absorption-desorption equilibrium between the photocatalyst (sample) and antibiotic solution. A band-pass filter for λ ≥ 400 nm was used to select the VIS spectrum region from the Xenon lamp. The reaction temperature was kept at 32-33 • C for all photocatalytic reactions. After a certain photocatalytic reaction time, qualitative and quantitative analysis of antibiotics was determined by LC-MS/MS technique. We used ultra performance liquid chromatography (Acquity H-Class, Waters, Milford, MA, USA) coupled with a triple quadrupole mass detector (Xevo-TQD, Waters, Milford, MA, USA), and equipped with an electrospray ionization (ESI) interface. Mass analysis was in positive and multiple-reaction monitoring (MRM) and daughter ion mode. The Agilent Poroshell 120 Phenyl-hexyl (4.6 × 150 mm; 2.7 µm) column was used, and the mobile phase included acetonitrile-methanol-aqueous formic acid 0.1% in gradient program [47] . The results were evaluated using the degradation percentage of each antibiotic at various reaction times, starting at 0 and followed by 2, 5, 9, 14, and 20 min, as the ratio between the initial peak area of antibiotic solution (without photocatalytic treatment) and peak area of treated antibiotic solution. It was possible to follow the degradation progress of every antibiotic by calculating these areas with Masslynx Software 4.1. Figure 1 shows the XRD patterns of TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs. All the samples exhibited the anatase phase of TiO 2 with preferred orientations of (004), (101) and (105) lattice planes at 37.8 • , 25.1 • , and 53.8 • , respectively (JCPDS No. 21-1272). Also, there were no rutile peaks, indicating that the TiO 2 nanomaterials in this study possessed a pure anatase phase. This result agreed with those reported in [4, 5, 13, 19, 48, 49] . A closer inspection of the (004) peaks revealed that Au (111) component was found in the (004) peaks of Au-TNAs and Au-TNWs/TNAs, as demonstrated in Figure 1c , confirming the presence of crystalline Au NPs in these samples.
Results and Discussion
The grain sizes (D) of the samples were estimated by using the Scherrer equation: D = 0.9λ/βcosθ, where λ, β, and θ are the X-ray wavelength, full width at half maximum of the anatase phase TiO 2 (004)-oriented peak, and Bragg diffraction angle, respectively [50] . Clearly, the estimated grain size varied in a narrow range between 21.3 nm and 24.7 nm, and the full width at half maximum (FWHM) of the (004) peak remained almost constant (Figure 1b) . Those results confirmed that the grain size and the crystallinity of four nanomaterials were almost the same. Figure 2c shows the morphology of as-synthesized Au nanoparticles with size of 20 ± 10 nm. For Au-TNAs samples, Au nanoparticles distributed relatively uniformly on the surface of TNAs (Figure 2c ). In addition, a typical energy-dispersive X-ray spectroscopy (EDS) spectrum of Au-decorated TiO2 samples in this study is shown in the inset of Figure 2c . Obviously, Ti, O, Au peaks were observed, confirming the successful fabrications for AuTNAs and Au-TNWs/TNAs samples. Finally, the morphology of Au-TNWs/TNAs can be observed in Figure 2d .
During the anodization process, TNA growth is driven by the anodic-oxidation reaction (to form TiO2 from Ti) and the chemical dissolution of the TiO2 layer under the presence of electric field [19, [51] [52] [53] . The reactions are given below:
Anodic reaction: Ti + 2H2O − 4e → TiO2 + 4H + Cathodic reaction: 4H + + 4e → 2H2 Chemical etching (dissolution) reaction: TiO2 + 6F − + 4H4⁺ → TiF6 2− + 2H2O Figure 2c shows the morphology of as-synthesized Au nanoparticles with size of 20 ± 10 nm. For Au-TNAs samples, Au nanoparticles distributed relatively uniformly on the surface of TNAs (Figure 2c ). In addition, a typical energy-dispersive X-ray spectroscopy (EDS) spectrum of Au-decorated TiO 2 samples in this study is shown in the inset of Figure 2c . Obviously, Ti, O, Au peaks were observed, confirming the successful fabrications for Au-TNAs and Au-TNWs/TNAs samples. Finally, the morphology of Au-TNWs/TNAs can be observed in Figure 2d .
During the anodization process, TNA growth is driven by the anodic-oxidation reaction (to form TiO 2 from Ti) and the chemical dissolution of the TiO 2 layer under the presence of electric field [19, [51] [52] [53] . The reactions are given below:
The current density (j) changes with anodizing time (t) in an anodic oxidation process [53, 54] . Initially, the j rapidly decreases, then slightly increases, and finally remains a constant [54] . According to the j-t characteristics, the TNAs growth process can be divided into three stages. In the early stage, the formation of a non-conductive thin oxide layer, associated with the decrease of j ( Figure 3a) . Next, there is the local growth of pits as evidenced by the slight increase of j (Figure 3b ). Finally, the nanotube arrays are grown from the initial pits when j remains a constant (Figure 3c ). When the dissolution rate of the wall of the nanopores is slower than that of the growth rate of nanopores, the diameter and length of the nanotubes will gradually increase. And, these sizes will remain unchanged when the growth rate is equal to the dissolution rate [53, 55] . The current density (j) changes with anodizing time (t) in an anodic oxidation process [53, 54] . Initially, the j rapidly decreases, then slightly increases, and finally remains a constant [54] . According to the j-t characteristics, the TNAs growth process can be divided into three stages. In the early stage, the formation of a non-conductive thin oxide layer, associated with the decrease of j ( Figure 3a) . Next, there is the local growth of pits as evidenced by the slight increase of j (Figure 3b ). Finally, the nanotube arrays are grown from the initial pits when j remains a constant (Figure 3c ). When the dissolution rate of the wall of the nanopores is slower than that of the growth rate of nanopores, the diameter and length of the nanotubes will gradually increase. And, these sizes will remain unchanged when the growth rate is equal to the dissolution rate [53, 55] .
In the EG/H2O solution containing NH4F electrolyte, the migration of F⁻ toward the electric field at the bottom electrode is inhibited by the highly viscous solution. Thus, the F⁻ concentration at the tube mouth is much higher than it is at the tube bottom [6] , while the chemical dissolution reaction is enhanced under the presence of H⁺ ions from water. Consequently, the tube wall thickness near the tube mouth was thinner than the lower sections, as shown in Figure 3d . By increasing anodizing time, strings of through holes are formed on the tube wall and they would initiate and propagate downward from the top to the bottom of TNAs (or along the F⁻ migration direction). Meanwhile, the holes near the top expand and connect to each other, and finally split into nanowires (Figure 3e ) [6] . The photocatalytic degradation kinetic of LCM is used to evaluate the photocatalytic performance of the four nanomaterials. The pseudo-first-order rate constants were determined by fitting the data with the Langmuir-Hinshelwood kinetics rate model [56, 57] . Figure 4a ,b shows photocatalytic degradation of LCM using five reaction conditions, namely photolysis (UV-VIS or VIS), and photocatalysis with TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs nanomaterials. In the EG/H 2 O solution containing NH 4 F electrolyte, the migration of F − toward the electric field at the bottom electrode is inhibited by the highly viscous solution. Thus, the F − concentration at the tube mouth is much higher than it is at the tube bottom [6] , while the chemical dissolution reaction is enhanced under the presence of H + ions from water. Consequently, the tube wall thickness near the tube mouth was thinner than the lower sections, as shown in Figure 3d . By increasing anodizing time, strings of through holes are formed on the tube wall and they would initiate and propagate downward from the top to the bottom of TNAs (or along the F − migration direction). Meanwhile, the holes near the top expand and connect to each other, and finally split into nanowires (Figure 3e ) [6] .
The photocatalytic degradation kinetic of LCM is used to evaluate the photocatalytic performance of the four nanomaterials. The pseudo-first-order rate constants were determined by fitting the data with the Langmuir-Hinshelwood kinetics rate model [56, 57] . Figure 4a ,b shows photocatalytic degradation of LCM using five reaction conditions, namely photolysis (UV-VIS or VIS), and photocatalysis with TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs nanomaterials. Both photolysis and photocatalysis reactions generally follow the exponential decay, C t = C 0 × e −kt , where C t is the concentration of antibiotic at time t (ng/mL), C 0 is the initial concentration (ng/mL), and k is the reaction rate constant (min −1 ). By performing the linear fitting on the plot of -ln(C t /C 0 ) versus reaction time t, the k is yielded, and the fittings are shown in Figure 4c ,d. Specifically, the k values of LCM were 4.8 × 10 −2 min −1 and 0.93 × 10 −2 min −1 under UV-VIS and VIS irradiation, respectively. This indicates that UV irradiation degrades the antibiotics better than VIS, due to the higher photon energy via the photolysis effect [46, 58, 59] . As shown in Figure 4a ,b, the photocatalysis shows significantly better performance in eliminating LCM than photolysis. The k values for LCM were in ranges of 14.8 × 10 −2 -26 × 10 −2 min −1 under UV-VIS illumination and 7.2 × 10 −2 -9.5 × 10 −2 min −1 under VIS illumination (Figure 5a ). That means that the reaction rates of photocatalysis were 3.1-5.5 times and 7.6-10.3 times higher than those of UV-VIS photolysis and VIS photolysis, respectively. The photocatalytic degradation kinetic of LCM is used to evaluate the photocatalytic performance of the four nanomaterials. The pseudo-first-order rate constants were determined by fitting the data with the Langmuir-Hinshelwood kinetics rate model [56, 57] . Figure 4a ,b shows photocatalytic degradation of LCM using five reaction conditions, namely photolysis (UV-VIS or VIS), and photocatalysis with TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs nanomaterials. Both photolysis and photocatalysis reactions generally follow the exponential decay, Ct = C0 × e⁻ kt , where Ct is the concentration of antibiotic at time t (ng/mL), C0 is the initial concentration (ng/mL), and k is the reaction rate constant (min -1 ). By performing the linear fitting on the plot of -ln(Ct/C0) versus reaction time t, the k is yielded, and the fittings are shown in Figure 4c ,d. Specifically, the k values of LCM were 4.8 × 10 -2 min -1 and 0.93 × 10 -2 min -1 under UV-VIS and VIS irradiation, respectively. This indicates that UV irradiation degrades the antibiotics better than VIS, due to the higher photon energy via the photolysis effect [46, 58, 59] . As shown in Figure 4a ,b, the photocatalysis shows significantly better performance in eliminating LCM than photolysis. The k values for LCM were in ranges of 14.8 × 10 -2 -26 × 10 -2 min -1 under UV-VIS illumination and 7.2 × 10 -2 -9.5 × 10 -2 min -1 under VIS illumination (Figure 5a ). That means that the reaction rates of photocatalysis were 3.1-5.5 times and 7.6-10.3 times higher than those of UV-VIS photolysis and VIS photolysis, respectively. Figure 5a shows the k values of the four kinds of nanomaterials under UV-VIS and VIS irradiation. Generally, the k of TNWs/TNAs is higher than that of TNAs, which is primarily attributed to the presence of partial coverage of TNWs on the surface of TNAs for the enhanced surface area [6, 53] . There was a significant enhancement in the k values by decorating TNAs and TNWs/TNAs with Au NPs, because of the enhancement of the visible-light photoactivity of TiO 2 via the localized surface plasmon resonance (LSPR) effect [14, 22, 60] (Figure 5a ). The LSPR of spherical Au NPs (20 ± 10 nm diameter) in this study was suggested by the absorption peak at 529 nm (Figure 5b) , which was well consistent with the LSPR-peaks of Au nanoparticles in [61, 62] . In addition, the absorption enhancement in VIS region for Au-TiO 2 was confirmed by the UV-VIS absorption spectra in [61, 63] . LSPR can be described as the local electromagnetic fields near the surface of Au NPs being strongly enhanced when the electromagnetic field of the incident light becomes associated with the oscillations of the conduction electrons of Au NPs. Indeed, optical simulations clearly presented LSPR-enhanced electric fields at the interface of Au-TiO 2 , owing to photo-excited Au nanoparticles [64] . Herein, a proposed mechanism for enhanced photocatalytic activity of Au-TiO 2 is that the LSPR-absorption of Au NPs generate photoexcited electrons and holes under VIS irradiation, and then the energetic electrons can inject into the conduction band of TiO 2 and trigger photocatalytic reactions (Figure 5c ) [61, 62, 65, 66] . Therefore, Au-TNWs/TNAs possessed the highest photocatalytic performance amongst the four kinds of nanomaterials, due to the synergistic effects of large surface area and the LSPR effect.
TNWs/TNAs). (b) Photocatalytic degradation of LCM under photolysis of the visible light (λ ≥ 400 nm of Xenon lamp) and the photocatalysis conditions. (c,d) LCM degradation kinetic curves of the five reaction conditions under UV-VIS illumination (c) and VIS illumination (d).
Figure 5a shows the k values of the four kinds of nanomaterials under UV-VIS and VIS irradiation. Generally, the k of TNWs/TNAs is higher than that of TNAs, which is primarily attributed to the presence of partial coverage of TNWs on the surface of TNAs for the enhanced surface area [6, 53] . There was a significant enhancement in the k values by decorating TNAs and TNWs/TNAs with Au NPs, because of the enhancement of the visible-light photoactivity of TiO2 via the localized surface plasmon resonance (LSPR) effect [14, 22, 60] (Figure 5a ). The LSPR of spherical Au NPs (20 ± 10 nm diameter) in this study was suggested by the absorption peak at 529 nm (Figure 5b) , which was well consistent with the LSPR-peaks of Au nanoparticles in [61, 62] . In addition, the absorption enhancement in VIS region for Au-TiO2 was confirmed by the UV-VIS absorption spectra in [61, 63] . LSPR can be described as the local electromagnetic fields near the surface of Au NPs being strongly enhanced when the electromagnetic field of the incident light becomes associated with the oscillations of the conduction electrons of Au NPs. Indeed, optical simulations clearly presented LSPR-enhanced electric fields at the interface of Au-TiO2, owing to photo-excited Au nanoparticles [64] . Herein, a proposed mechanism for enhanced photocatalytic activity of Au-TiO2 is that the LSPRabsorption of Au NPs generate photoexcited electrons and holes under VIS irradiation, and then the energetic electrons can inject into the conduction band of TiO2 and trigger photocatalytic reactions (Figure 5c ) [61, 62, 65, 66] . Therefore, Au-TNWs/TNAs possessed the highest photocatalytic performance amongst the four kinds of nanomaterials, due to the synergistic effects of large surface area and the LSPR effect. with UV-VIS illumination [67] . In addition, the reaction rate of SMT and SMZ reached high values of 1.41 min −1 and 1.05 min −1 , respectively; meanwhile, it was only 0.26 min −1 for LCM. That is because the former has amine bond structure [68] , while LCM has amide bond structure [68] . Similarly, all the molecule structures with amide bonds of VCM, DXC, and OTC are more resistant to photolysis. Consequently, VCM, DXC, and OTC exhibited lower k values (1.05, 0.46, and 0.54 min −1 ) and needed a reaction time above 20 min to completely degrade. For comparison, the photocatalytic degradation rate of OTC using the Au-TNWs/TNAs (i.e., 0.54 min −1 ) was far higher the k of 0.032 min −1 using TiO 2 nanobelts loading Au NPs [63] .
For the typical LC-MS/MS analysis in more detail, Figure 6a illustrated photocatalytic kinetic analysis of OTC at various reaction times of 0, 2, 5, 9, 14, and 20 min using Au-TNWs/TNAs and UV-VIS irradiation. As a result, removal percentage of OTC increased dramatically as a function of reaction time, and obtained 100% at 20 min. This indicates that antibiotics can completely degrade using the photocatalytic reaction with TiO 2 -based nanomaterials. Additionally, the UV-VIS photolysis or photocatalysis of antibiotics can produce potentially harmful substances [47, 68] . Figure 6b shows the mass spectra of intermediates of OTC after 9 and 14 min of photocatalytic reaction. It is observed that intermediates separate at retention times of 4. sulfamethazine; VCM, vancomycin; OTC, oxytetracycline; SMZ, sulfamethoxazole; DXC, doxycycline; LCM, lincomycin. Figure 5d summarizes the k values of various antibiotics treated using photocatalytic reaction of the Au-TNWs/TNAs (the best nanomaterial in this study) under UV-VIS irradiation. Here, the k is determined by the intrinsic photocatalytic property of the nanomaterial and the photolysis of antibiotics. AMOX and AMPI with β lactam ring structures decomposed rapidly by photolysis reaction with UV-VIS illumination [67] . In addition, the reaction rate of SMT and SMZ reached high values of 1.41 min -1 and 1.05 min -1 , respectively; meanwhile, it was only 0.26 min -1 for LCM. That is because the former has amine bond structure [68] , while LCM has amide bond structure [68] . Similarly, all the molecule structures with amide bonds of VCM, DXC, and OTC are more resistant to photolysis. Consequently, VCM, DXC, and OTC exhibited lower k values (1.05, 0.46, and 0.54 min -1 ) and needed a reaction time above 20 min to completely degrade. For comparison, the photocatalytic degradation rate of OTC using the Au-TNWs/TNAs (i.e., 0.54 min -1 ) was far higher the k of 0.032 min -1 using TiO2 nanobelts loading Au NPs [63] .
For the typical LC-MS/MS analysis in more detail, Figure 6a illustrated photocatalytic kinetic analysis of OTC at various reaction times of 0, 2, 5, 9, 14, and 20 min using Au-TNWs/TNAs and UV-VIS irradiation. As a result, removal percentage of OTC increased dramatically as a function of reaction time, and obtained 100% at 20 min. This indicates that antibiotics can completely degrade using the photocatalytic reaction with TiO2-based nanomaterials. Additionally, the UV-VIS photolysis or photocatalysis of antibiotics can produce potentially harmful substances [47, 68] . Figure  6b shows the mass spectra of intermediates of OTC after 9 and 14 min of photocatalytic reaction. It is observed that intermediates separate at retention times of 4. 
Conclusions
In this study, TiO 2 -based nanomaterials (i.e., TNAs, TNWs/TNAs, Au-TNAs, and Au-TNWs/TNAs) were developed toward the end of enhanced photocatalytic degradation of popular antibiotics. All the four kinds of nanomaterials exhibited the anatase phase with (004) and (101)-preferred orientation, grain size of 21.3-24.7 nm, and a similar crystallinity. The morphology of the samples was highly uniform and well-defined, which is promising for enhanced photocatalytic activity. In addition, we proposed and shed light on the formation mechanisms of TNAs and TNWs/TNAs. The nanomaterials were utilized for evaluating the photocatalytic degradation of antibiotics in model aquaculture wastewater by an LC-MS/MS method. The photocatalytic activity of TNWs/TNAs was higher than that of TNAs, primarily owing to the larger surface area of the former than the latter. By decorating Au NPs onto TNAs or TNWs/TNAs, the photocatalytic activity of Au-TNAs and Au-TNWs/TNAs was enhanced significantly compared to that of TNAs and TNWs/TNAs, because of the local surface plasmon resonance effect. Consequently, the Au-TNWs/TNAs achieved the highest activity for decomposition of antibiotics under UV-VIS or VIS irradiation. Based on the photocatalysis's kinetic results, the photolysis of the eight antibiotics is of great concern. It was found that the photolysis of antibiotics depends on the stability of their structures. Indeed, the beta-lactam group (AMOX, AMPI) is more sensitive to photolysis than the sulfonamides group (SMT, SMZ) under UV-VIS irradiation. The photo-degradation pattern of more stable antibiotics (i.e., LCM, DXC, OTC, and VCM) followed pseudo-first order kinetics well, and their reaction rate constants were 0.26, 0.46, 0.54, and 0.51 min −1 , respectively. Furthermore, the appearance of transformation products of the investigated antibiotics was evident after the chromatographic analyses, whose identification is of interest for future studies. 
